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Abstract 

Sintering behaviors of ceria powders with large and fine particle size and gadolinia-doped ceria powders with a line 
particle size have been studied by measuring density and grain size as a function of sintering lime. Densification rate and 
grain growth rate of ceria with a fine particle size were larger than those with a large particle size. Grain growth rate of 
gadolinia-doped ceria was much smaller than that of ceria. while densification rate was considerably larger. Inhibition of 
grain growth observed in gadolinia-doped ceria was explained by the solute drag model due to a space charge effect. The 
fact thai the densification rate in gadolinia-doped ceria was considerably larger than that in ceria suggests" that the rate 
determining step of densification is the diffusion of oxygen. In gadolinia-doped ceria. the diffusion of oxygen is larger, the 
shrinkage of internal pores is considered to proceed faster due to larger mobility of oxygen and then the dcnsiftcaiion rale 
becomes larger than in ceria. 
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1. Introduction 

Solid electrolytes have received increasing atten- 
tion in recent years due to their excellent suitability 
as ionically conductive materials in high temperature 
systems. For the applications requiring ionic conduc- 
tion, such as solid oxide fuel cells or oxygen sensors, 
the Huorite oxides have been extensively investigated 
(1-41. Among them, yttria-stabilizcd zirconia with 
the cubic fluorite structure has been most extensively 
investigated and practically used. Although yttria- 
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stabilized zirconia is the most reliable candidate as 
the electrolyte for the solid oxide fuel cells so far. its 
electrical conductivity is not high enough and it 
requires a high operating temperature such as 1273 
K. The alternative solid electrolyte for yttria-stabi- 
lized zirconia has been studied, which should possess 
a higher electric conductivity than that of yttria- 
stabilized zirconia and for operation at lower tem- 
peratures such as 1073 K. Thus gadolinia-doped 
ceria electrolytes have been given much attention as 
an alternative of the yttria-stabilized zirconia as the 
electrolyte in solid oxide fuel cells [4|. 

In the application of ceria-based electrolytes for 
solid oxide fuel cells, sintering of these oxides is 
important in order to obtain dense sintered materials. 
Sintering of the zirconia-based oxides has been 
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sluiiicd by many investigators |5-9| and the solute 
effect of dopants is shown to have an important role 
in the sintering process. Recently, sintering behavior 
of yuriu-doped eeria was studied by Lpadhyaya et al. 
1 1 0 1 showing the importanee of the solute effect, but 
no kinetic data on grain growth and densilieation 
were given. 

In the present study, the sintering behaviors of 
eeria and gadolinia-doped ceria were studied by 
observing the change of density and grain si/.e as a 
function of temperature and time. The effect of 
panicle size of raw materials for ceria and the effect 
of gadolinia doping on grain growth rate and densili- 
eation rale were examined and discussed. 



2. Experimental 

Starling materials were ceria with average particle 
size of 0.07 (sample A) and 0.02 \xm (sample B) 
and 20 mol% gadolinia-dopcd ceria (Ce 0 K Gd,».,0, y . 
sample C) with average particle size of 0.03 u.m. 
Sample A with a purity of 99.9% was provided by- 
Rare Metallic Co.. Ltd. Sample B and C with a 
purity of 99.9% were provided by Anan Kasei Co.. 
Ltd. The average panicle size was determined by 
using a transmission electron microscope (TEM). 
Cylindrical pellets 7 mm in diameter and about 3 
mm in height were obtained by pressing the powders 
at about 150 MPa. Linear shrinkage along an axial 
direction during sintering was measured in air at a 
healing rate of 5 K min"" 1 by using a dilatomeier of 
push-rod type made by Rigaku Denki Co.. Ltd. The 
pressed sample pellets were sintered in air at 1 273. 
* 1473 and 1673 K for I. 3 and 7 h. The densities of 
sintered samples were obtained from the measure- 
ments of mass and volume of the pellets. The 
microstructure of the sintered samples was observed 
by using a scanning electron microscope (SEM). 

* Aooo { tZn o^jcA <*ho*C 

3. Results 

The TEM photographs of samples A, B and C are 
shown in Fig. I. The average particle diameters of 
samples A, B and C were determined from the 
photographs as 0.07, 0.02 and 0.03 u-m, respectively. 
The average particle diameter of sample B was 
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Sample A (CeC>2 : d=0.07 /im) 




] 20nm 



Sample B (Ce0 2 : d=CL02/zm) 




I 50nm 



Sample C (GDC : d=0.03/xm) 

Fig. I . TEM photographs lor samples \. B and C. 

considerably smaller than that of sample A and can 
be regarded as essentially the same as sample C. 

Using the pressed pellets, linear shrinkage during 
sintering was measured by the dilatomeier for sam- 
ples A. B and C and the results are shown in Fig. 2 
as a function of temperature. It is seen from Fig. 2 
that sample B shrinks faster than sample A. This is 
due to a larger surface reactivity in sumple B 
resulting from the liner average panicle size. Sample 
C also had a line average particle size and showed a 
fast linear shrinkage especially at lower tempera- 
tures, but the shrinkage became smaller compared 
with sample B at high temperatures. This smaller 
shrinkage at high temperatures is considered to be 
originated from inhibition of grain growth due to the 
presence of dopant, as will be discussed later. 

The densities of the samples A, B and C as a 
function of sintering time al 1473 and 1673 K are 
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Hy. 2. Linear shrinkage for samples A. U and (' Jurinc sintering 
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shown in Figs. 3 and 4. respectively. These Itgurcs 
show ihul logarithm of the density is linearly depen- 
ded on that of ihe sintering lime. Densirieation rale 
of sample B was larger than sample A. This is due 
also to a larger surface reactivity in sample B 
resulting from the finer average particle size. Densiri- 
eation rate of sample C was larger than sample B. 
Since the average particle size of sample C is nearly 
the same as sample B. this effect is due to ihe 
difference in the chemical composition. 

An example of SEM photographs lor samples after 
sintering is shown in Fig. 5. The grain size of 
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Fig. 3. Density of the samples A. b and C as a function of 
sintering time m 1473 K. 
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F-ii!. 4. Ifcnsiiy .if the samples A. B and C us a function of 
sintering time at 1673 K. 
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I'lg. y An example of SEM photographs for the sintered speci- 
men. 



sintered samples was determined from the SEM 
image by approximating each grain as a .square. The 
grain sizes thus deiermined for samples A. B and C 
after sintering at 1673 K are shown in Fig. 6 as a 
function of sintering time. The grain size of sample 
B is originally small but becomes larger during the 
course of sintering as compared with sample A. 
while the grain size of sample C is originally small 
and remains small as compared with samples A and 
B. 

It would be eonvenicnt to use a parameter describ- 
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Knj. 6. Grain sizes lor samples A. B and C alter sintering at 1673 
K u> a function of reaction lime. — Tfrl 

ing the ratio between the densification rate and the 
grain growth rate, since the behaviors of densifica- 
tion and grain growth arc quite different between 
samples B and C. Ikegami el al. proposed a 
model that grain growth and densification progress 
simultaneously in a powdered compact, expressing 
the relation between the relative density p and 
average panicle/grain size d using the following 
equation: 



logpd -p it )lpj \ -p) = /nogU//</ n ). 



(I) 



where p 0 is the initial particle size. d 0 is ihe green 
density and K is a constant depending on the spread 
of Ihe distribution of particle/grain size and surface 
area of pore and particle /grain. The relation between 
the relative density p and average particle/grain size 
d according to Eq. ( I ) is shown in Fig. 7. Linear 
relationships hold for all the samples as seen in Fig. 
7. Since the proportional constant K can be regarded 
as a parameter showing the relative densification 
rate/grain growth rale ratio, sample C has the largest 
densification rate/grain growth rate ratio as shown in 
Fig. 7. 

The pore size distributions for samples A. B and C 
were obtained from the SEM photographs of frac- 
tured surface after sintering for 7 h at 1673 K and are 
shown in Fig. 8. The pore size distribution becomes 
narrower when the original panicle size is liner as 
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l ; ijs. 7. The relation between the relative den>ily fl ami average 
panicle /grain size </ according lo Eq. f 1 1. 
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compared between samples A and B and it is 
narrowest in sample C as seen in Fig. 8. 

4. Discussion 

The difference of sintering behavior between 
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samples A and B originates from the difference of 
panicle size, since the chemical composition of boih 
samples is the same. Sample B with a smaller 
panicle size has a larger surface energy and gives a 
larger densirication rate and a grain growth rate and 
the relative densirication rate/grain growth rate ratio 
.than sample A as seen in Figs. 3. 4. 6 and 7. In the 
sample with a smaller panicle /grain size, diffusion 
near the surface/grain boundary during sintering 
may be faster and it would contribute to both 
densirication and grain growth 112-14). Zhao and 
Harmer |I5| proposed a model on the effect of pore 
size distribution at the final stage of sintering and 
predicted that increasing the number of pores per 
grain increased densirication rate, grain growth rate, 
and the ratio of relative densirication rate/grain 
growth. Since the grain size of sample B is larger 
than sample A at the final stage of sintering as seen 
in Fig. 6 and pore size distribution is narrower than 
sample A as seen in Fig. 8. the number of pores per 
grain of sample B is larger than sample A. Larger 
densirication rate, grain growth rate, and the relative 
densirication rate/grain growth rale ratio of sample B 
are thus obtained as Zhao and Harmer [ 15 1 predicted. 

The difference of sintering behavior between 
samples B and C originates from the difference of 
the chemical composition; ceria and gadolinia-doped 
ccria. respectively, since particle sizes of both sam- 
ples are nearly the same. As seen in Figs. 3. 4 and 6. 
sample C shows the larger dcnsilication rate, but 
much smaller grain growth rate than sample B. This 
sintering behavior of sample C is well characterized 
by the largest K in Eq. ( I ) among the samples as 
seen in Fig. 7 showing the largest densirication 
rate/grain growth rate ratio. The fact that sample C 
showed large densitication rate but much smaller 
grain growth rale would indicate thai the mecha- 
nisms of densiheation and grain growth are different 
in these samples. 

As seen in Fig. 6. addition of gadolinia to ceria 
decreases the grain growth rate. This inhibiting 
behavior of dopant in grain growth may be the same 
as was observed in MgO-doped Al,0<. CaCI , -doped 
KCI, and ThO, -doped Y,0, which" was explained by 
the solute drag model due to a space charge effect 
I IGJ. Inhibition in grain growth was also observed in 
doped zirconia |8.9| and yttria-doped ceria [ 10] and 
explained by the same mechanism. When a tri-valent 
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dopant with an effective negative charge is present in 
the bulk of grain, the charge neutrality is attained by 
creating oxygen vacancies. The oxygen vacancies 
would concentrate and create effective positive 
charge in the surface /grain boundary due to surface/ 
grain energy. The dopant segregates to the region 
adjacent to the surface /grain boundary by Coulomb 
attraction of the space charge. This implies the 
presence of an enrichment layer of dopants at the 
grain boundaries. Excess dopant localized at the 
boundaries generates a steep gradient between bulk 
and intergrain interfaces. Thus, the dopant (solute) 
gradient gives a strong drag to the grain boundary 
mobility, resulting in an inhibition of grain growth. 
Direct experimental evidence for such a solute 
enrichment in grain boundary has been obtained by 
various electronic optical techniques (9,1 7. 1 8 1. In 
yttria-doped ceria [I0|. grain growth rate is reported 
to be decreased as the yttria content is increased. 
Therefore, a much slower grain growth rate observed 
in gadolinia-doped ceria is considered to be due to 
the solute drag. 

The dependence of dopant concentration on densi- 
tication rale seems not to be clear in doped zirconia 
|8,9| and yttria-doped ceria IK)]. It is seen, however, 
in Figs. 3 and 4 that the densiheation rale in sample 
C is larger than that of sample B. although the grain f 
growth rate in sample C is much smaller. This fact 
indicates that dcnsilication and grain growth have 
different mechanisms between .samples B and C. 
Since densificalion is attained by shrinkage and/or 
removal of pores and by releasing oxygen gas from 
pores, the transport of oxygen would be a rate 
determining step in densificalion. The diffusion rate 
of oxygen in the bulk would be a rate determining 
siep in densi/ication. since the oxygen partial pres. 
sure in pores is considered to be limited by the 
diffusion of oxygen in the bulk. Similar effect of 
oxygen partial pressure on the sintering process was 
studied in Mn-Zn femtes by Inaba 1 19|. Oxygen 
diffusion in a lluorite structure was reviewed by 
Inaba and Tagawa |4J and oxygen diffusion in 
gadolinia-doped ceria is suggested to he faster than 
that of ceria using the experimental data on diffusion 
of ceria by Floyd [20) and electrical conductivity of 
gadolinia-doped ceria. Thus we can understand that 
the larger densificalion rate in gadolinia-doped ceria 
originates from the larger mobility of oxygen. 
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5. Conclusions 

Sintering behaviors of ceria of samples with a 
large and tine particle size and gadolinia-dopcd ccria 
sample with a fine particle size were studied by 
measuring density and grain size as u function of 
sintering time. 

1. Densilication rate and grain growth rate in a 
sample with a tine particle size were larger than 
those with a large particle size resulting from the 
larger surface energy in a rinc powder sample. 

2. Grain growth rate of gadolinia-dopcd ccria was 
much smaller than (hat of ceria. Inhibition in 
grain growth observed in gadolinia-doped ceria 
was explained by the solute drag effect due to a 
space charge. 

3. Densitication rale of gadolinia-doped ceria was 
considerably larger than that of ceria, although 
grain growth rate was much smaller. Densitication 
was considered lo be determined mainly by 
diffusion of oxygen, since the rate of shrinkage 
and/or removal of pures may be limited by 
diffusion of oxygen. The larger densitication rate 
in gadolinia-doped ceria was considered to origi- 
nate from the larger mobility of oxygen. 
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